Already a proven mechanism for drought resilience, crassulacean acid metabolism (CAM) is a specialized type of photosynthesis that maximizes water-use efficiency by means of an inverse (compared to C 3 and C 4 photosynthesis) day/ night pattern of stomatal closure/opening to shift CO 2 uptake to the night, when evapotranspiration rates are low. A systems-level understanding of temporal molecular and metabolic controls is needed to define the cellular behaviour underpinning CAM. Here, we report high-resolution temporal behaviours of transcript, protein and metabolite abundances across a CAM diel cycle and, where applicable, compare the observations to the well-established C 3 model plant Arabidopsis. A mechanistic finding that emerged is that CAM operates with a diel redox poise that is shifted relative to that in Arabidopsis. Moreover, we identify widespread rescheduled expression of genes associated with signal transduction mechanisms that regulate stomatal opening/closing. Controlled production and degradation of transcripts and proteins represents a timing mechanism by which to regulate cellular function, yet knowledge of how this molecular timekeeping regulates CAM is unknown. Here, we provide new insights into complex post-transcriptional and -translational hierarchies that govern CAM in Agave. These data sets provide a resource to inform efforts to engineer more efficient CAM traits into economically valuable C 3 crops.
T he water-use efficiency of Agave spp. hinges on crassulacean acid metabolism (CAM), a specialized mode of photosynthesis that evolved from ancestral C 3 photosynthesis in response to water and CO 2 limitation 1 and is found in ∼6.5% of higher plants. Whereas C 3 photosynthesis produces a three-carbon (3-C) molecule for carbon fixation during the day, CAM generates a four-carbon organic acid from carbon fixation at night. In CAM, this nocturnal carboxylation reaction is catalysed by phosphoenolpyruvate carboxylase (PEPC), and the 3-C substrate phosphoenolpyruvate (PEP) is supplied by the glycolytic breakdown of carbohydrate formed during the previous day. The nocturnally accumulated malic acid is stored overnight in a central vacuole, and during the subsequent day malate is decarboxylated to release CO 2 at an elevated concentration for Rubisco in the chloroplast. The diel separation of carboxylases in CAM is accompanied by an inverse (compared with C 3 and C 4 photosynthesis-performing species) day/night pattern of stomatal closure/ opening that results in improved water-use efficiency (CO 2 fixed per unit water lost) that is up to sixfold higher than that of C 3 photosynthesis plants and up to threefold higher than that of C 4 photosynthesis plants under comparable conditions 2 . The frequent emergence of CAM from C 3 photosynthesis throughout evolutionary history implies that all of the enzymes required for CAM are homologues of ancestral forms found in C 3 species 1, 3 . As such, the CAM pathway has been identified as a target for synthetic biology because it offers the potential to engineer improved wateruse efficiency in C 3 crops [4] [5] [6] . However, the day/night separation of carboxylation and decarboxylation processes and the inverse night/day opening/closing of stomata that distinguish CAM from C 3 photosynthesis imply that the bioengineering of CAM will require a temporal reprogramming of metabolism in the C 3 host. Therefore, key challenges for CAM biodesign will be to establish how many genes must be reprogrammed in a diel manner to modify the behaviour of C 3 plants to perform CAM and to identify which functional or mechanistic governing principles are shared among the diel transcriptional and translational dynamics of C 3 and CAM.
Generating an integrated functional -omics dataset (transcriptomics, proteomics and metabolomics) for a CAM species is an essential first step for providing global insight into the complete set of genes controlling the metabolic steps of CAM, for revealing genes in co-occurrence networks, and for determining the functional consequences of diel co-regulation of transcription and translation. In the present study, temporal profiles of the transcriptome, proteome and metabolome of CAM-performing leaves from the obligate CAM species Agave americana were investigated across a 12 h/12 h light/dark diel cycle. With this experimental design, we sought to: (1) identify temporally defined clusters of co-regulated genes, (2) define diel shifts in gene expression between CAM-and C 3 -specific gene networks and (3) describe the temporal dynamics between gene expression profiles and protein abundance profiles across the 24 hour light/dark CAM cycle.
that is taken up at night 1, 7, 8 . For A. americana, the magnitude of nocturnal net CO 2 uptake changes according to leaf age, with a progressive shift from predominantly C 3 photosynthesis in the youngest leaf to increasing CAM activity with leaf age ( Fig. 1a ; Supplementary Table 1) . We limited all sampling for metabolites, transcriptome and proteome to the fourth fully expanded leaf, which is a mature CAM-performing leaf under the controlled environmental conditions used here (day/night temperature 25/15°C; 12 hour photoperiod, photon flux density 540 µmol m −2 s −1 at plant height).
We inspected gas chromatography mass spectrometry (MS) profiles of 64 abundant metabolites in the Agave diel cycle (Fig. 1b;  Supplementary Table 2) , and then compared a subset of these to those in an Arabidopsis C 3 leaf (Supplementary Table 3 ; Fig. 1c ). Unlike C 3 leaves, in which malic and fumaric acid levels increase during the day and decrease during the night 9, 10 , Agave leaves accumulate malic acid at night, a defining feature of the nocturnal CO 2 fixation that occurs during CAM. Agave leaves also accumulated fumaric acid during the night, which is consistent with the relatively high night-time fluxes of carbon passing through the tricarboxylic acid (TCA) cycle and the carbon exchange between malate and fumarate 11 reported for CAM plants. The diel abundance profile of sucrose, which is reciprocal to that of malic acid, provides support for the hypothesis that Agave uses soluble sugars, mainly fructans, oligofructans, fructose, glucose and sucrose, as potential carbon sources for nocturnal malate synthesis [12] [13] [14] [15] (Fig. 1c) . Among the antioxidants found in plants, ascorbate is usually the most abundant 16 and accumulates to high concentrations in the chloroplast and vacuole following high-light stress. The levels of ascorbic acid, which is involved in metabolic crosstalk between redox related pathways, is high in Agave leaves (7-1,100 µg g -1 fresh weight (FW) sorbitol equivalents) (Fig. 1c) . Interestingly, the diel pattern of daytime depletion and nocturnal accumulation of ascorbic acid in Agave contrasts markedly with that in Arabidopsis and other C 3 species 17, 18 . The reprogramming of the day/night pattern of ascorbic acid turnover in Agave is intriguing if ascorbic acid is a key component of a redox hub that integrates metabolic information and environmental stimuli to tune responses within the cellular signalling network 19 . Recent studies have shown that many organisms, including Arabidopsis, have a redox rhythm that is dictated by circadian clock components and metabolic activities such as the production and scavenging of reactive oxygen species (ROS) [20] [21] [22] . The concept that redox regulation links CO 2 assimilation and related photosynthetic processes to light was established more than two decades ago. Thus, we examined the diel redox status of nicotinamide adenine dinucleotide phosphate (NADP) in Agave and compared it with that in Arabidopsis leaves that were measured under comparable environmental conditions (Fig. 1d) . In Arabidopsis, the abundances of the coenzymes NADPH and NADP + increased in the first few hours of the photoperiod concomitantly with photosynthetic activity. However, the diel abundance patterns of these coenzymes differed in Agave leaves, with NADP + declining in abundance during the day but increasing overnight. In Agave, NAD(P)H abundance peaked around 8 h into the night, then declined over the remaining dark period as the abundance of NADP + increased. The observed pattern of NADPH turnover in Agave is consistent with a network scale model of the diel CAM cycle that predicts partitioning of carbohydrate into the oxidative pentose phosphate pathway (OPP) at night to produce NADPH for maintenance processes 23 (Supplementary Note 4) . The contrasting diel patterns of abundance for NADP + and NADPH in Arabidopsis and Agave indicate a diel shift in the supply of and demand for reductant between C 3 and CAM. This altered diel redox poise indicates a fundamental difference between C 3 and CAM in the relative day/ night fluxes through a range of central metabolic processes that include glycolysis, TCA cycle, OPP, nitrogen assimilation and respiratory electron transport.
Temporal dynamics of gene expression across a CAM diel series. Using the same leaf material as sampled for the metabolite profiles, RNA sequencing (RNA-Seq) was performed across eight time points at 3 hour intervals in biological triplicates. RNA-Seqderived transcript profiles were obtained, and the total abundance of each transcript was assessed after normalizing the number of reads per kilobase and normalizing per million reads (RPKM). In total, 47,499 transcripts were observed in mature leaves of Agave. For quantitative analyses, an empirically derived threshold (maximum RPKM ≥ 5.02 and minimum average RPKM ≥ 3.483; Supplementary Note 5) was applied to remove low-abundance transcripts that had large variance across the entire transcriptomic data set 24 resulting in 37,808 transcripts (Supplementary Table 4 ). Examination of the data revealed that 82% (31,126) of transcripts were expressed throughout the entire 24 hour period. Pearson correlations were computed and high reproducibility was found at an average Pearson correlation coefficient of 0.91.
On the basis of paired t-tests, the expression patterns of 21,168 transcripts that showed at least a twofold change from their mean value with P < 0.05 between one or more time points across the diel cycle (Supplementary Table 5 ) were grouped into nine major clusters based on similarity of expression patterns identified using the k-means algorithm implemented in the MeV software package 25 (Supplementary Table 6 ). Figure 2 shows co-expression patterns across a 24 hour period, with thousands of genes showing oscillating patterns or acute, rapid changes. Interestingly, across many clusters, significantly high (cluster 3) or low (clusters 5, 6, 7) transcript abundance occurs during the middle of the night when nocturnal CO 2 fixation is at its highest, which might highlight a major metabolic transition. As Supplementary Information, we have identified overrepresented gene ontology biological processes (GOBP) for each cluster (Supplementary Note 8 and Supplementary Table 7 ). In Fig. 2 , we highlight the five most over-represented GOBP categories for each cluster.
Phase relationships of gene expression between CAM and C 3 . A key challenge for CAM biodesign will be to establish the number of genes that need to be reprogrammed to modify the behaviour of C 3 plants to perform CAM. Gene expression is remarkably flexible and constantly reconfigures to respond and adapt to perturbations, and plants have evolved a scheduling mechanism to coordinate and synchronize biological processes during the day/night cycle.
To provide insight into the required degree of reorganization of diel gene expression, we compared the global gene expression profiles of the Arabidopsis C 3 leaf and Agave CAM-performing leaf during a day/night cycle. We leveraged a tractable and widely used diel gene expression dataset from the Arabidopsis community, which was sampled under similar environmental growth conditions to those used for Agave, except at 4 hour intervals 26 . To account for the different sampling intervals and numbers, the 4 hour intervals were adjusted to 3 hour intervals using cubic spline interpolation (Supplementary Fig. 2 and Supplementary Table 8 ). We used the reciprocal best Basic Local Alignment Search Tool (BLAST) hit to identify orthologues based on sequence similarity and then computed Pearson correlations to characterize the temporal relationships of their expression. Among genes with Pearson correlation coefficients >|0.6|, we identified 584 genes that had similar expression profiles and 641 genes that had opposite time-of-day expression patterns (Supplementary Table 9 ). From the combined set of over 1,000 Agave and Arabidopsis gene profiles, k-means clustering generated four clusters that capture the general relationships among orthologues (Fig. 3a) , highlighting the established diel rhythms that are either in phase or reciprocal to one another.
Importantly, the clusters with altered diel expression (clusters 1 and 3) include, yet were not limited to, several Arabidopsis genes related to redox poise that further corroborate the altered diel redox poise in CAM plants (Supplementary Table 9 ).
Inverse stomatal behaviour in CAM plants presents an attractive perspective from which to study guard cell signalling because CAM-performing leaves differ in the timing of perception and response to physiological signals related to stomata opening/ closing. Whether there are any time-of-day redundancies in major signalling components between C 3 and CAM plants for regulation of stomatal behaviour is still unclear. Therefore, we compared the expression profiles of Arabidopsis genes previously associated with light or CO 2 responses to their reciprocal BLAST hits in Agave (Fig. 3b,c) . Both Agave and Arabidopsis NADPH and NADP + measurements were taken from tissue collected at diel times 3, 6, 9, 12, 15, 18, 21 and 24 h from the beginning of the light period. Error bars represent the standard deviation for two Agave biological replicates and three Arabidopsis biological replicates.
Various stimuli can lead to stomatal closure, but stomatal opening is predominately evoked by means of wavelength-responsive mechanisms 27 . The regulatory mechanism of stomatal opening by blue light has been well studied in a number of C 3 plants 28, 29 , but its role is less clear in CAM plants 30 light-induced switch from C 3 to CAM in Clusia minor 31 . In the present study, we observed a light-induced gene expression profile for a blue/UV-A light-absorbing cryptochrome 2 (CRY2) (Aam348626) that has been implicated in inhibition of hypocotyl elongation, regulation of flowering time and entrainment of the circadian clock 32 . Furthermore, similar expression was observed for the blue/UVA light-induced photoreceptor 1 (PHOT1) (Aam086385) that has been implicated in mediating stomatal opening in response to light 32 . Because these light receptor genes have similar expression patterns in Arabidopsis and Agave, these data suggest that these particular genes may not be involved in stomatal opening in a constitutive CAM plant, for which other photoreceptors or cues, such as low CO 2 , could be the predominant signal.
The perception of CO 2 by guard cells serves as a physiological signal regulating stomatal activity: stomata open at low CO 2 concentrations and close at high CO 2 concentrations in conjunction with abscisic acid (ABA) and the presence of ABA receptors 33 . Previously implicated as a central regulator of stomatal CO 2 signalling, high leaf temperature 1 (HT1) negatively regulates high CO 2 -induced stomatal closing. Consequently, Arabidopsis plants lacking HT1 activity show a constitutive high CO 2 stomatal response and do not open stomata in response to low CO 2 34 . Interestingly, expression of the HT1 (Aam018566) gene in Agave was rescheduled relative to that in Arabidopsis (Fig. 3c) . CO 2 and ABA-induced perception and signalling are interdependent and open stomata 1 (OST)/SNF-related protein kinase 2.6 (Aam349853), which is a downstream target of HT1 35 and a convergence point for ABA and CO 2 signalling pathways, also exhibited rescheduled expression in Agave compared to Arabidopsis (Fig. 3c) . Two other sucrose nonfermenting (SNF)-related kinases, salt overly sensitive 2 (SOS2) (Aam080324) and SnRK2.10 (Aam332354), exhibited shifted expression patterns in Agave (Fig. 3c) . Several classes of serine/ threonine phosphatases (PP1A, PP2A, PP2B and PP2C) can all regulate aspects of guard cell signalling. PP2C protein phosphatases, in particular, contribute to the ABA perception complex with PYR1/PYL1/RCAR by inhibiting SNF-related protein kinases, such as OST1 36, 37 . Transcript abundances of PP2C family protein (Aam012848) as well as the regulatory component of an ABA Figure 3 | Diel gene expression and the rescheduling of stomatal movement-related genes in Agave compared with Arabidopsis. a, Agave and Arabidopsis reciprocal best BLAST hit orthologues with Pearson correlation coefficients >|0.6| were clustered together using k-means to characterize the temporal relationship of their expression. For each cluster, the median pattern of expression is represented for Agave (blue) and Arabidopsis (red). The y-axis represents the standard z-score for each cluster profile ((median expression − mean)/s.d.) and highlights prominent correlative and anti-correlative relationships. The number of genes belonging to each cluster is reported and error bars represent the standard deviation of their expression. b,c, A subset of genes implicated in stomatal movement are illustrated (b) and the standard z-score of each gene ((expression − mean)/s.d.) for Agave (blue) and Arabidopsis (red) is shown (c). SLAC1, slow-anion channel-associated 1.
receptor (RCAR3) (Aam022092) exhibited temporal shifts in abundance compared to that in Arabidopsis.
The opening and closing of stomata is driven by turgor and volume changes in guard cells surrounding the stomatal pores 38 . The osmotic uptake of water driven by the accumulation of ions and sugars causes the stomata to open or close. Therefore, the varying activities of different ion channels and their fluctuating spatiotemporal patterns contribute to the regulation of stomatal apertures. Several different sources of ion flux show shifted temporal profiles in Agave compared to Arabidopsis (Fig. 3c) . Investigations of the osmotic changes driving guard cell behaviour have mainly focused on the role of K + transport across the plasma membrane of guard cells, which is a major contributor to stomatal opening and closing. The activity of inward-rectifying channels in guard cells induces swelling (opening) or shrinking (closing) of the guard cells surrounding the stomatal apertures 39 . The inward-rectifying Ca 2+ -sensitive K + channels are thought to serve as a major pathway for K + migration into guard cells during stomatal opening 39 . The transcript abundance of the potassium transporter 2/3 (AKT2/3) (Aam018832), which controls Ca 2+ -sensitive uptake of K + by guard cells, showed an expression pattern reciprocal to that in Arabidopsis. Two endoplasmic reticulum (ER) Ca 2+ ATPase transcripts, including calcium ATPase 2 (ACA2) (Aam003442) and endomembrane-type CA-ATPase 4 (ECA4) (Aam088048), also exhibited shifts in temporal expression patterns relative to those in Arabidopsis. These ATPases might serve as part of a tuning mechanism to regulate the magnitude or duration of a calcium flux 40 . Essential to stomatal activity, the K + flux within guard cells must be counterbalanced by fluxes of anions, such as Cl − . Thus, it was particularly interesting that a member of the chloride channel family (CLC-c) (Aam081659) that is localized to the vacuole and highly expressed in guard cells in Arabidopsis 41 showed reciprocal expression behaviour in Agave compared with that in Arabidopsis. Collectively, the expression patterns we observed provide substantial evidence for the temporal reprogramming of particular genes essential to regulation of stomatal behaviour in an obligate CAM plant.
Detection of candidate regulators of reprogrammed metabolism.
Given the observed rescheduling of gene expression in Agave, a comparative co-expression analysis has great potential for characterizing the evolution of biological pathways between wellstudied Arabidopsis and relatively uncharacterized Agave. Because transcription factors are part of a prime mechanism that orchestrates specific control over the time of day during which biological processes operate, transcription factors that show reprogrammed expression in Agave relative to Arabidopsis could help unravel novel differences in transcriptional regulatory control between C 3 and CAM. Therefore, we sought to identify transcription factors with reciprocal expression profiles in Agave and Arabidopsis.
To predict transcription factor regulatory interactions and identify new candidate genes for CAM biodesign efforts, integrated analysis of CAM and C 3 transcriptomics data was performed by generating cross-taxa co-expression network modules (Supplementary Note 5). We defined the list of candidate regulators via the inverse pattern of their transcript expression in Agave relative to that in Arabidopsis. We also enforced strict criteria to define their target genes by the relationship of their expression and function to that of targets predicted in Arabidopsis (Supplementary Fig. 4) . Using this approach, we identified auxin response factor 4 (ARF4) as a candidate transcription factor that could regulate inverse gene expression in Agave compared with Arabidopsis as well as several candidate target genes containing auxin response elements (AuxREs) (Supplementary Note 5). Although experimental validation is needed, this result will enable future studies into the connections between CAM regulatory mechanisms and adaptation to the environment.
Protein abundances across a CAM diel series. RNA-Seq data provide insight into gene expression, but protein abundances better reflect the functional state of a cell at a given point in time. Therefore, protein was extracted from the same Agave tissue from which the metabolomic and transcriptomic profiles were generated. Tryptic peptides generated from each sample were measured by twodimensional liquid chromatography nano-electrospray tandem mass spectrometry and yielded 32,561 non-redundant distinct peptide sequences that mapped to 14,207 A. americana protein accessions (∼20% of total predicted Agave protein sequences) across the entire data set (Supplementary Table 12 ). The data revealed that >90% of these proteins were observed throughout the entire 24 hour period. Pearson correlations show high biological reproducibility with an average correlation coefficient of 0.90. Given the incompleteness of the data (fragmented gene models) and the protein inference problem (shared peptides), we grouped proteins with 90% sequence homology to more accurately report identifications. When considering only protein groups that were uniquely identified, a total of 6,714 protein groups representing 11,337 protein accessions were observed. From this subset, total abundances of proteins were assessed by adding peptide intensities (spectral counts) obtained in the MS analysis and using the normalized spectral abundance factors (NSAF) 42 . For quantitative analysis, an empirically derived threshold (maximum NSAF > 1.5 and minimum average NSAF > 1) was used to remove lowabundance proteins with large variances across the entire proteomic data set, resulting in 4,710 protein accessions (2,434 protein groups) (Supplementary Table 13 ). On the basis of paired t-tests, the abundance patterns of 2,002 proteins (1,226 protein groups) showed at least a twofold change from their mean value with P < 0.05 between one or more time points across the diel cycle (Supplementary Table 14) . These proteins were grouped across six major clusters based on similarity of expression patterns identified by the k-means algorithm implemented in the MeV software package 43 (Supplementary Table 15 ). Figure 4 shows the oscillating patterns or acute, rapid changes in protein abundances across a 24 hour period, similar to those observed in gene expression profiles. To detect functional specialization within the clusters, we tested for over-representation of GOBP terms and show the five most over-represented GOBP categories for each cluster ( Fig. 4; Supplementary Table 16 ).
In addition to inverse stomatal behaviour, another major distinctive feature of CAM is the nocturnal fixation of CO 2 by phosphoenolpyruvate carboxylase (PEPC) and subsequent remobilization the following day to release CO 2 for the Calvin-Benson cycle plus pyruvate, which is recycled by gluconeogenesis by means of pyruvate orthophosphate dikinase (PPDK) ( Supplementary Fig. 5 and Supplementary Note 6). Given their importance to CAM, we show that the transcript abundance of PEPC1 changes substantially across the diel cycle, peaking at the end of the day. More importantly, we show for the first time that PEPC1 protein abundance follows a diel oscillation similar to that of the transcript. The expression of the PPDK transcript and protein were largely coincident with one another, peaking in the morning, which is consistent with a role in the decarboxylation of malic acid during the early morning hours in Agave. As anticipated, the protein responsible for downregulating the activity of PPDK, PPDK-regulatory protein (RP1) (Aam051010), reaches peak abundance at night in Agave, yet has an abundance profile reciprocal to that of its transcript.
Variation in temporal dynamics of transcript and protein abundance. The temporally distinct modulation of the transcript and protein abundance profiles has great potential for elucidating gene function and biological pathway regulation by revealing regulatory mechanisms that occur after transcription and beyond. Therefore, we explored the temporal relationships of the expression of each transcript and its encoded protein in Agave. When looking at relationships for a single time point, we observed non-linear relationships with weak correlations (average Pearson's correlation between log-transformed abundances was r = 0.48), which is consistent with results of previous studies 44 . The temporal dynamics between the expression of transcripts and their encoded proteins could explain this variation, which results from various rates of biosynthesis and degradation and subsequent post-transcriptional or -translational modifications. For this reason, rational bioengineering design efforts must consider the temporal relationship between the expression of a transcript and its subsequent protein product not only in native CAM species, but also in the engineered C 3 target species for particular combinations of promoter and expressed protein.
Transcript and protein abundances that occur in phase represent transcription directly linked to translation with either very little or rapid regulation. Transcript and protein abundance patterns that are out of phase, on the other hand, are likely regulated at or beyond the post-transcriptional level. To calculate the crosscorrelations between transcript and protein abundance profiles, we implemented a cross-correlation function to estimate delays (0 and time delay ±0-7) between transcript and protein signals and then rearranged the data according to lags to calculate a correlation coefficient and P-value. Only transcripts and proteins observed at every time point and only relationships involving non-ambiguous, uniquely identified proteins exhibiting a significant change in abundance were used for this analysis. A correlation coefficient cutoff of > 0.7 and P < 0.05 were selected as thresholds to generate a refined subset of 336 transcript-protein relationships. Further manual annotation was used to refine the set of transcript and protein abundance relationships while considering variation across replicates. In total, 254 transcript-protein relationships were retained and their curated transcript-to-protein time delays are reported in Supplementary Table 17 . We were thus able to exploit high-resolution sampling of transcript and protein abundances to evaluate the temporal dynamics of several key processes related to photosynthesis and respiration ( Supplementary Fig. 7 and Supplementary Note 6).
Discussion
Metabolic profiling not only corroborated previous findings for CAM, for example, oscillations in organic acid concentrations, but also provided novel insights into diel variations in other identifiable metabolites, which now serve as a rich data set to facilitate future investigations into CAM. By comparing Agave and Arabidopsis leaves under comparable growth conditions, we were able to examine rescheduled components of C 3 -and CAM-specific gene expression controlling other processes. Comparison of sucrose abundance at different times of day lends further support to the premise that this carbon source is broken down in Agave at the end of the light period to release glucose and fructose, which supply the PEP for nocturnal carbon fixation, as in other Agave species 45 . Overall, the nocturnal increases in malic acid, fumaric acid and NADP + in Agave are consistent with the reportedly high mitochondrial fluxes of carbon and electron transport that occur in CAM plants at night. The elevated levels of ascorbic acid that accumulate during night-time in Agave are consistent with the need for anti-oxidant activity to deal with reactive oxygen species generated by high rates of respiratory electron transport that occur at night in CAM plants.
The diel patterns of gene expression in plants are likely to be meaningful indicators of the innate relative timing of different cellular and metabolic processes, particularly the manners in which gene expression is affected by environmental and endogenous signals. Interestingly, we observed significant increases and decreases in gene expression at a period during the night coinciding with maximum net CO 2 uptake. The relative contributions of unknown external or internal regulatory inputs during this period remain to be determined. These high-resolution transcriptional profiles will certainly contribute to our understanding of the diel regulation of gene expression in CAM, but here we instead focused our analysis on the similarities and differences between the temporally regulated transcriptomes of CAM and C 3 leaves.
We examined convergent and divergent timing of gene expression systems that reflect the adapted physiology of CAM species relative to C 3 plant species. Interestingly, we did not observe temporal differences in the expression of blue-light-responsive genes identified in Agave. Instead, we identified diel variation between CAM and C 3 orthologues implicated in CO 2 -and ABArelated signalling events. We propose these rescheduled genes are among the key components of the core signalling mechanism responsible for inverse stomatal activity in CAM plants. Moreover, the expression of the transcripts for many of the genes discussed here, including SOS2, have also shown distinct temporal changes in response to salinity or oxidative stress in Arabidopsis 46 and might be appropriate candidates for improving stress tolerance or water-use efficiency as part of CAM biodesign research efforts.
We also describe the generation of the first large-scale proteomic profile for CAM-performing leaves to identify the temporal protein abundance profiles underpinning CAM. Across the diel cycle, we observed significant changes in protein abundance similar to patterns of changes observed in transcript profiles. Interestingly, some proteins exhibited substantial abundance changes during the middle of the dark period, coinciding with nocturnal CO 2 fixation and the increased abundance of the coenzyme NADPH. In addition to detailing the temporal dynamics of over-represented GOBP processes, we have illustrated protein abundance patterns for many key metabolic processes pertinent to CAM. By comparing diel patterns of transcript and protein abundance in Agave, we have revealed new insights that will help facilitate rational design to enhance water-use efficiency and improve drought tolerance of C 3 crops through a better understanding of the complex regulatory processes that govern the operation of CAM.
Methods
Plant materials. Agave americana 'Marginata' plants were obtained from Notestein's Nursery, Gainesville, FL (http://southerngardening.org). Arabidopsis thaliana (Col-0) seeds were obtained from TAIR (http://www.arabidopsis.org/). The A. americana and A. thaliana plants were grown in controlled environments (Supplementary Note 1) .
Measurement of leaf gas exchange. Net CO 2 uptake in A. americana 'Marginata' was measured using a compact mini cuvette system in a Central Unit CMS-400 with BINOS-100 infrared gas analyser working in an open format (Heinz Walz GmbH) (Supplementary Note 2).
Metabolite profiling by gas chromatography mass spectrometry. For A. americana metabolite identification, 8 samples were collected with three biological replicates of mature leaf samples (fourth fully expanded leaf ) collected at 3, 6, 9, 12, 15, 18, 21 and 24 h after the starting of the light period. Samples were frozen in liquid nitrogen and ground using a mortar and pestle and stored at −80°C until metabolite profiling. For A. thaliana (Col-0), eight samples were collected with three biological replicates of fully-expanded leaf samples collected at 3, 6, 9, 12, 15, 18, 21 and 24 h after the starting of the light period. Samples were frozen in liquid nitrogen and ground using a mortar and pestle and stored at −80°C until metabolite profiling (Supplementary Note 3) .
NADPH and NADP
+ measurement. Fully expanded leaves of A. americana and A. thaliana (Col-0) were collected for enzymatic assays to determine total NADP and calculated NADPH from decomposed NADP using the NADP/NADPH Quantification Kit (BioVision) according to the manufacturer's instructions (Supplementary Note 4) .
Chloroplast genome sequencing, assembly and annotation. Chloroplasts were isolated from the A. americana leaf tissue using a Chloroplast Isolation Kit (Sigma, Cat CP-ISO). DNA was extracted from enriched chloroplasts using the DNeasy DNA Extraction Kit (QIAGEN, Cat No. 69104). Paired-end sequencing libraries with an average insert size of 500 bp were constructed from the chloroplast DNA using an Illumina TruSeq DNA Sample Prep Kit v2 and sequenced on a MiSeq instrument using the MiSeq Reagent Kit v3 (600 cycle). Paired end reads (2 × 300 bp) were trimmed using Trimmomatic 47 with settings of MINLEN = 100 and SLIDINGWINDOW = 4:20. Trimmed overlapping paired end reads (NCBI SRA accession SRP076143) were merged into extended long reads using FLASH 48 . Merged long reads were searched against public chloroplast genome sequences available at NCBI (http://www.ncbi.nlm.nih.gov/) using BLASTN 49 with an e-value cutoff of ×10 −5 . Merged long reads with BLASTN hits in the NCBI chloroplast database and the un-merged paired end reads were used to create de novo genome assemblies using SOAPdenovo version r240 50 with multiple k-mer lengths from 20 to 99. Individual assemblies were merged using CAP3 51 with default settings. For filling the gaps in the genome assembly, two pairs of PCR primers (pair1: 5′-GAATTCGCGCCTACTCTGAC-3′, 5′-GGCCGATTGATCTTCCAATA-3; pair2: 5′-AATCCACTGCCTTGATCCAC-3′, 5′-ATCAACCGTGCTAACCTTGG-3′) were designed based on the Agave chloroplast genome sequence. Gap sequences were obtained by sequencing PCR amplified chloroplast DNA fragments using Sanger sequencing on an ABI machine. Chloroplast genome annotation was performed using CpGAVAS 52 . The chloroplast genome assembly and annotation were deposited at GenBank (accession KX519714).
Transcriptomics. For transcriptome sequencing, 15 A. americana samples were collected with three biological replicates, including eight samples of the mature fourth fully expanded leaf collected at 3, 6, 9, 12, 15, 18, 21 and 24 h after the beginning of the light period; three young leaf samples collected at diel time points of 6, 12 and 21 h, respectively; and four non-leaf samples (meristem, rhizome, root or stem) collected at 3 h after the beginning of the light period. Samples were frozen in liquid nitrogen, ground using a mortar and pestle and then stored frozen at −80°C until transcriptomics analysis (Supplementary Note 5).
Proteomics. For proteome sequencing, A. americana leaf samples were collected with three biological replicates and included eight samples of the mature fourth fully expanded leaf collected at 3, 6, 9, 12, 15, 18, 21 and 24 h after the beginning of the light period. Samples were frozen in liquid nitrogen, ground using a mortar and pestle and then stored frozen at −80°C until proteomics analysis (Supplementary Note 6).
Statistical analysis. For this study, we performed pair-wise comparisons of time points as our hypothesis is concerned with the change among different time-points and not the overall change in transcripts and proteins. To this end, we employed two approaches for each dataset to provide a comprehensive assessment of the statistical confidence (Supplementary Note 7 and Supplementary Fig. 8 ).
Temporal relationship between mRNA and protein expression. As illustrated ( Supplementary Fig. 6 ), cross-correlations between RNA-Seq and proteomic datasets were calculated using the crosscorr function implemented in the Econometrics Toolbox (Matlab) to estimate time lags with the sample crosscorrelation for each gene in the two datasets. Because both datasets were periodic, we rearranged the data according to lags and calculated the correlation coefficients for each gene. A correlation coefficient cutoff of > 0.7 and P < 0.05 were selected as thresholds to ensure a subset of high-quality relationships. Visual inspection of the relative transcript and protein abundances and standard error of the means were then used for further validation.
Data availability. Data that support the findings of this study have been deposited into public repositories. Chloroplast sequence data is deposited at GenBank with the accession code KX519714. The metabolite data is deposited at MetaboLights under the accession code MTBLS363. The transcriptomics data is deposited at GenBank (http://www.ncbi.nlm.nih.gov/genbank/) under the accession code GBHM00000000. The proteomics data has been deposited at MassIVE under the accession code MSV000079780 and ProteomeXchange with the accession code PXD004239.
